The first DNA sequences obtained from arbuscular endomycorrhizal fungi are reported. They were obtained by directly sequencing overlapping amplified fragments of the nuclear genes coding for the small subunit rRNA. These sequences were used to develop a polymerase chain reaction primer (VANSI) that enables the specific amplification of a portion of the vesicular-arbuscular endomycorrhizal fungus small subunit rRNA directly from a mixture of plant and fungal tissues. The specificity of this primer for arbuscular endomycorrhizal fungi was demonstrated by testing it on a number of organisms and by sequencing the fragment amplified from colonized leek (Allium porum) roots. This approach, coupled with other molecular techniques, will facilitate rapid detection, identification, and possibly quantitation of arbuscular endomycorrhizal fungi.
Of the many symbioses that evolved between vascular plants and soil microorganisms, the arbuscular endomycorrhizae are certainly the most ubiquitous (10, 15, 19, 24) . For the plants, colonization results in improved acquisition of mineral nutrients and improved growth and survival, but recognizing, identifying, and quantifying the vesicular-arbuscular endomycorrhizal (VAM) fungi involved are at best difficult and time-consuming and often not feasible. Furthermore, these fungi have never been successfully grown in culture, and so all stocks must be maintained as cocultures on colonized roots. Although they are one of the few funguslike groups with a fossil record (21, 23) , little is currently known about the evolution of these organisms.
As the first gene to be analyzed in this group of organisms, the small subunit rRNA (SSU) was chosen because prior studies have shown that variable portions of the gene provide abundant phylogenetic information (5, 8, 11, 13, 18, 26) as well as target regions for the design of taxon-specific probes (1, 6) . Furthermore, highly conserved regions of the gene enable it to be sequenced rapidly either directly from rRNA or from DNA amplified by polymerase chain reaction (PCR) with universal primers (3, 7, 12, 22, 25) . Our goal was to design an oligonucleotide primer that would exclusively amplify a portion of the arbuscular endomycorrhizal fungus SSU gene from a mixture of plant and other fungal DNAs. Achievement of this goal would allow PCR-based detection methods similar to those described for ectomycorrhizal fungi (9) to be developed for arbuscular endomycorrhizal fungi.
MATERIALS AND METHODS
Sample preparation. DNAs of Glomius intraradices Shenck and Smith DAOM 197198 and Gigaspora mnargarita Becker & Hall DAOM 194757 were isolated from a small number of spores (60 and 20, respectively) as described below, while DNA of Endogone pisiformis Link.: Fr. CRBF 0001 was isolated from mycelia grown in axenic culture by standard methods. Spores of the VAM isolates were produced in vitro by a dual culture system with transformed carrot roots (2) . The spores were collected with forceps, * Corresponding author.
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placed in a microcentrifuge tube, and crushed with a miniature pestle, and 40 pI of chelex resin (20% in sterile water) was added, and then sterile water was added to a final volume of 200 ,u1. After four freeze-thaw cycles, the tube was centrifuged for 2 min, and the supernatant was treated with RNase. This crude extract was diluted 1/50 and used as template for PCR.
Leeks (Alliium porum var. Musselburg) colonized with Glomus v,esiculiferum were maintained in standard growth cabinet conditions. Their roots were harvested, and DNA was extracted as previously described (3) .
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TCTTTTGRAR CTTCATCGTG CTGGGGRTRG AGCATTGCAR CTATTGCTCT TGRACGAGGR ATCCCTAGTA AGTRCRRGTC ACTAGCTTGT GCTGATTACG Gigaspora TCTTTTGRAR CTTCRTCGTG RTGGGGATRG RGCRTTGCRA TTATTGCTCT TCRACGRGGR ATCCCTAGTR RGCRTGAGTC ATCAGCTCGT GCTGATTACG Endogone TCTTTTGRAR CTTCGTCGTG CTGGGGATRG RGCATTGCRR TTRTTGCTCT TCARCGAGGR RTTCCTRGTA RGCGTGAGTC ATCAGCTCGC GTTGRTTRCG ********** 8*8******8 8********* ********** ********** 888888 88 ****** 8 approximately 30 bp from the 3' termini. Gaps(-)were manually introduced to optimize the alignment. In some instances, the -sequence close to the primers could not be read confidently and is reported in lowercase. Although these portions must be considered unsure, they correspond to highly conserved sequences among eukaryotes. Asterisks indicate positions of identity among the three taxa. The position of the VANS1 primer is indicated. last cycle was followed by a final extension step of 10 min at 720C.
DNA sequencing. The gene fragments were gel purified, diluted, and used as templates for subsequent rounds of asymmetric amplifications (4) with various combinations of the internal primers illustrated in Fig. 1 . The yield of single-stranded DNA was estimated by analyzing the asym- Nucleotide sequence accession numbers. Reported sequences are deposited in the EMBL data bank. Accession numbers are X58724 (E. pisiformis), X58725 (Glomus intraradices), X58726 (Gigaspora margarita).
RESULTS
In order to design an arbuscular endomycorrhizal-fungusspecific primer, we first needed to obtain SSU sequences from those fungi and their relatives. This was accomplished by amplification and direct sequencing for two species of arbuscular endomycorrhizal fungi, Glomus intraradices and Gigaspora margarita and for a non-VAM fungus that is a putative relative, E. pisiformis. For Glomus intraradices and Gigaspora margarita, since no arbuscular endomycorrhizal fungi are available in pure culture, we took advantage of a coculture system in which plant roots, following transformation by Agrobacterium rhizogenes, can be maintained and rapidly propagated in vitro (16, 17) . These root cultures were inoculated with a single surface-sterilized spore of an arbus- Taxon-specific amplification of a fragment of the SSU from VAM fungi. DNA samples were amplified as described in Materials and Methods, except for the annealing set at 55°C. Both a taxon-specific primer pair (VANS1-NS21, odd-numbered lanes) and a universal primer pair (SS38-NS21, even-numbered lanes) were used. Following agarose electrophoresis and ethidium bromide staining, the gel was photographed under UV illumination. Samples consisted of purified SSU DNA of E. pisiformis (lanes 1 and 2) and Gigaspora margarita (lanes 3 and 4) , crude extracts of E. colombiana spores (lanes 5 and 6), purified SSU DNA of Glomus intraradices (lanes 7 and 8), crude extracts from leek roots colonized by Glomus vesiculiferum (lanes 9 and 10), and Alnus crispa total genomic DNA (lanes 11 and 12) . Lane (2) . Viable, axenic spores were collected after a few months of incubation.
DNA was extracted from them and used for PCR amplification with universal SSU primers (Fig. 1) . Portions of the SSU were amplified from crude extracts and used for asymmetric PCR reactions that had been devised to produce contiguous single-stranded DNA fragments covering both strands of the gene. These DNA fragments were sequenced with the same universal primers to yield the SSU sequences of E. pisiformis, Gigaspora margarita, and Glomus intraradices shown in Fig. 2 .
The aligned sequences were compared with published fungal SSU sequences to identify a region unique to the two arbuscular endomycorrhizal fungi near the start of the SSU. This region was then chosen as the basis for the synthesis of an arbuscular endomycorrhizal-fungus-specific PCR primer (VANS1 (Fig. 1 and 2 (Fig. 3 and Table 1 ). The general applicability of this primer for all arbuscular endomycorrhizal fungi is suggested by the finding that the amplification succeeded not only with other species of Glomus and Gigaspora but also with species from two other genera, Entrophospora and Scutellospora (Table 1) . We have also found that VANS1 can be paired with other universal primers (e.g., NS8 or SS1492') to yield virtually full-length SSU genes from these species.
Although the specificity of this primer could be tested further against a larger number of organisms, a more functional test is to determine whether VANS1 can specifically amplify arbuscular endomycorrhizal-fungus SSU directly from colonized roots of a host plant grown in the presence of many natural contaminants. For this test we chose colonized leek (A. porum) roots because leek pot cultures are commonly used to maintain and produce endomycorrhizal fungi (20) . Such colonized roots resemble field-collected material but have the advantage of containing a unique and known VAM associate. Aliquots of DNA samples were amplified either with the taxon-specific primer, VANS1-NS21, or with the universal primers (Fig. 3) . As expected from the location of the primers used, products of two different sizes were obtained: the overlapping 600-bp universal product was amplified from all samples, while the 550-bp product was amplified only from samples containing arbuscular endomycorrhizal fungi. Although the amplification of the SSU from a single spore of arbuscular endomycorrhizal fungi was not attempted, this should be possible, since the actual portion of diluted crude extracts used already corresponds to less than a spore.
The ability to specifically amplify arbuscular endomycorrhizal fungi SSU sequences directly from DNA extracted from colonized plant tissue has two important applications: it will enable many more SSU sequences to be rapidly acquired, and these data will make it possible to rigorously test the proposed phylogenetic hypothesis for these fungi (14) ; it also provides a new approach to rapid detection, identification, and quantification of arbuscular endomycorrhizal fungi in plant roots. Our results from the colonized leek root DNA extracts demonstrate that detection via direct amplification is already feasible. The observed divergence within the SSU of the arbuscular endomycorrhizal fungi that we have sequenced is sufficient for the design of oligonucleotide taxon-specific probes. These could be targeted either to filter-bound amplified fragments (9) or to rRNAs by in situ hybridization (1, 6) .
